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Abstract
The objectives were to quantify insulin-like growth factor receptor-1 (IGFR-1) mRNA in preantral follicles on Days 0 and 18 of in
itro culture in the presence or absence of FSH, and to evaluate the effects of IGF-I on the rate of normal follicles, antral cavity
ormation, and in vitro growth and maturation of caprine oocytes on Days 0, 6, 12, and 18 of culture. The expression of IGFR-1 was
nalyzed using real-time RT-PCR before and after follicle culture. Preantral follicles were isolated from the cortex of caprine ovaries
nd individually cultured for 18 d in the presence or absence of bovine IGF-I (50 or 100 ng/mL). At the end of the culture period, the
ocytes were submitted to IVM. The expression of IGFR-1 mRNA in preantral follicles cultured in vitro only approached being
ignificantly higher in follicles supplemented with FSH when compared to follicles immediately after recovery (P  0.06) and cultured
ithout FSH (P  0.1). There was a higher (P  0.05) percentage of normal follicles on Days 6, 12, and 18 of culture in IGF-I 50 (97,
2, 67%, respectively) and IGF-I 100 (100, 90, 80%) groups versus the control (90, 64, 36%). In addition, the rate of antrum formation
t 6 and 12 d of culture was higher (P  0.05) in IGF-I groups (IGF-I 50: 72 and 90% and IGF-I 100: 69 and 85%) than the control
roup (41 and 59%). After 18 d of culture, the percentages of grown oocytes acceptable for IVM were higher (P  0.05) in follicles
ultured in the presence of IGF-I (82 vs 49%). Furthermore, follicles cultured in the presence of IGF-I 50 and IGF-I 100 had higher
P  0.05) meiotic resumption rates (63 and 66%, respectively) than the control group (11%). In conclusion, treatment with FSH tended
o increase IGFR-1 mRNA expression during the in vitro culture of preantral follicles and the addition of IGF-I to the culture medium
learly improved the in vitro development of caprine preantral follicles.
 2012 Elsevier Inc. Open access under the Elsevier OA license.
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In recent years, in vitro production of embryos from
preantral follicles has evoked the interest of several
scientific and commercial areas, due to its potential to
produce thousands of viable oocytes for IVF from a
single ovary. Using this reproductive biotechnology,
the birth of viable offspring has only been reported in
mice [1]. However, in domestic animals, low rates of in
vitro embryo production have been obtained from pre-
antral follicles cultured in vitro [2–6]. Therefore, many
efforts are still required to improve the process of in
vitro maturation (IVM) of preantral follicles.
The mechanisms behind folliculogenesis involve a
complex interaction among endocrine, paracrine, and
autocrine factors [7]. In this regard, an ideal culture
system should contain adequate nutrients (e.g., antiox-
idants, hormones, growth factors) with the aim of
avoiding atresia and also promoting follicular develop-
ment. One of the substances related to the regulation of
folliculogenesis that has great potential for in vitro
follicular culture is insulin-like growth factor-I (IGF-I).
The IGF-I is a member of the IGF family system,
which is composed of several substances, including
IGF-I and IGF-II, two types of receptors (IGFR-1 and
IGFR-2) and six binding proteins (insulin-like growth
factor binding proteins: IGFBP-1, -2, -3, -4, -5, and -6)
[8]. The IGFBPs are present in biological fluids and act
by inhibiting or potentializing the action of two types of
IGFs (IGF-I and IGF-II) in target cells [8]. The involve-
ment of IGF-I in the early stages of folliculogenesis
was evidenced by studies in which IGF-I induced the
development of mouse preantral and antral follicles in
IGF-I gene knockout animals [9]. Furthermore, the ad-
dition of IGF-I in synergy with FSH in the in vitro
culture medium of preantral follicles stimulated follic-
ular growth in humans [10], cows [11], rats [12], and
mice [13].
Although the importance of IGF-I on folliculogen-
esis is well known in several species, the effect of this
growth factor on the in vitro culture of isolated caprine
preantral follicles, as well as the effect of FSH on
mRNA expression of IGF-1 receptors (IGFR-1) during
in vitro culture, has not been studied in detail during a
long-term culture period (more than 2 wk). Thus, the
aims of the present study were to: 1) test the hypothesis
that FSH treatment would increase the expression of
mRNA of IGFR-1 during in vitro culture of preantral
follicles (Experiment 1); and 2) evaluate the effects of
IGF-I on caprine preantral follicle development in vitro
and further achievement of meiotically competent
oocytes (Experiment 2). (2. Materials and methods
2.1. Collection of ovaries, isolation, selection and in
vitro culture of preantral follicles
Ovary pairs were collected at a local abattoir from 30
adult (ages 1 to 3 y) crossbred goats. Fourteen goats were
used for Experiment 1 and 16 for Experiment 2. A total of
four replicates per culture (four animals/replicate) were
used in Experiment 2. Immediately postmortem, ovaries
were washed in 70% ethanol for 10 s, followed by two
rinses in Minimum Essential Medium (MEM) supple-
mented with 100 g/mL penicillin, 100 g/mL strepto-
ycin, and 25 mM HEPES. The ovaries were transported
ithin 1 h to the laboratory at 4 °C [14]. The culture
edia and other chemicals used in the present study were
urchased from Sigma Chemical Co. (St. Louis, MO,
SA).
In the laboratory, fat and connective tissue surrounding
he ovaries were removed. Caprine ovarian cortical slices
1–2 mm thick) were cut from the ovarian surface using a
urgical blade under sterile conditions. Then, the ovarian
ortex slices were placed in medium consisting of
EPES-buffered MEM. Secondary follicles 150 m in
iameter were visualized under a stereomicroscope (SMZ
45 Nikon, Tokyo, Japan) and manually dissected from
trips of the ovarian cortex using 26-gauge needles. After
solation, follicles were transferred to 100 L droplets
ontaining fresh medium under mineral oil to further eval-
ate follicular quality. Follicles with a visible oocyte that
ere surrounded internally by granulosa cells and had an
ntact basement membrane and no antral cavity were se-
ected for PCR analysis and in vitro culture.
For in vitro culture, follicles were individually cultured
n 100 L drops of culture medium in Petri dishes (60 
15 mm, Corning, NY, USA). Incubation was carried out at
39 °C, in 5% CO2 in air for 18 d. The basic culture
edium (-MEM) consisted of -MEM (pH 7.2–7.4)
upplemented with 3 mg/mL bovine serum albumin
BSA), ITS (10g/mL insulin, 5.5g/mL transferrin, and
ng/mL selenium), 2 mM glutamine, 2 mM hypoxan-
hine, and 50 g/mL ascorbic acid, under mineral oil.
resh medium was prepared and incubated for 2 h prior to
se. Every other day, 60 L of fresh medium was replen-
shed in each droplet until Day 18, and, at Days 6 and 12,
ll medium (100 L) was replenished.
.2. Experiment 1. Expression of IGF-1 receptor
IGFR-1) mRNA in cultured follicles
For this procedure, 120 isolated secondary follicles
ere randomized into three groups: nonculture controln  40), -MEM alone (n  40), and -MEM
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,
Nanocore, Campinas, SP, Brazil; n  40). Increasing
concentrations of FSH were used (e.g., 100 ng/mL until
Day 6, 500 ng/mL until Day 12, and 1000 ng/mL until
Day 18) as previously described [6,15]. None of the
treatments for this experiment were supplemented with
IGF-I. After 18 d of culture, 10 normal follicles from
each group were frozen at 80 °C to further evaluate
he mRNA expression for IGFR-1. The classification of
ormal or degenerated follicles was based on their
orphological aspects, and those showing morpholog-
cal signs of degeneration, such as darkness of the
ocytes and surrounding cumulus cells, or misshapen
ocytes, were classified as degenerated.
The mRNA isolation was performed using a Trizol
lus purification kit (Invitrogen, São Paulo, SP, Brazil) as
reviously described in our laboratory [15]. Quantification
f the mRNA for IGFR-1 was performed using SYBR
reen. PCR reactions were composed of 1 L cDNA as
template in 7.5 L of SYBR Green Master Mix (PE
Applied Biosystems, Foster City, CA), 5.5 L of ultra-
pure water and 0.5 m of each primer. The primers were
esigned to perform amplification of mRNA for IGFR-1.
-actin and Ubiquitin (Table 1) were used as endogenous
controls for normalization of steady-state levels of mRNA
of genes. The thermal cycling profile for the first round of
PCR was initial denaturation and activation of the poly-
merase for 15 min at 94 °C, followed by 40 cycles of 15 s
at 94 °C, 30 s at 60 °C, and 45 s at 72 °C. The final
extension was for 10 min at 72 °C. All reactions were
performed in a real-time PCR Mastercycler (Eppendorf,
Hamburg, Germany). The delta-delta-CT method was
used to transform CT values into normalized relative
steady-state levels of mRNA.
2.3. Experiment 2. Effect of IGF-I on the in vitro
culture of preantral follicles
2.3.1. Experimental design
Secondary follicles were isolated and cultured from
Days 0 to 18 in three treatments: -MEMwith only FSH
Table 1
Oligonucleotide primers used for PCR analysis of caprine cells and
Target gene Primer sequence (5= ¡ 3=)
-ACTIN ACCACTGGCATTGTCATGGACTCT
TCCTTGATGTCACGGACGATTTCC
BQ GAAGATGGCCGCACTCTTCTGAT
ATCCTGGATCTTGGCCTTCACGTT
GFR-1 TCTGTTGATACTGGGAGGCTTGGT
AATACTCCGGGTTCACAGACGCAT, sense; as, antisense(control group) or with FSH plus supplementation of
IGF-I at concentrations of 50 or 100 ng/mL (IGF-I 50
group and IGF-I 100 group, respectively). Furthermore,
FSH was used in increasing concentrations as described in
Experiment 1. The culture was replicated four times and a
total of at least 39 follicles were used in each treatment.
The concentrations of IGF-I were chosen based on a
previous study performed in our laboratory [16].
2.3.2. Morphological evaluation of follicle development
The classification of normal or degenerated follicles
was similar as performed in Experiment 1. Therefore,
the rate of normal follicles was based upon the mor-
phological analysis performed at Days 6, 12, and 18 of
culture. Follicle diameter was measured only in normal
follicles every 6 d of culture by an ocular micrometer
(100 magnification). The average of two measure-
ments (height and length) of the follicle was used as a
measure of follicle diameter. Daily growth rate was
calculated based on the diameter changes over the cul-
ture period (18 d). Antral cavity formation was defined
by the occurrence of a visible translucent cavity sur-
rounded by the granulosa cell layer.
2.3.3. In vitro maturation (IVM) of caprine oocytes
from in vitro cultured follicles
At the end of the culture period, all normal follicles
were carefully and mechanically opened with 26-gauge
needles under a stereomicroscope for oocyte recovery.
The oocyte recovery rate was calculated based on the
number of oocytes  110 m, divided by the number of
ormal follicles at Day 18 of culture, multiplied by 100.
nly oocytes  110 m, with a homogeneous cytoplasm
urrounded by at least one compact layer of cumulus cells,
ere selected for IVM [17]. The selected cumulus- oocyte
omplexes were washed three times in IVM medium
omposed of Tissue Culture Medium 199 (TCM 199)
upplemented with 1 g/mL 17-estradiol, 5 g/mL LH,
.5 g/mL rFSH, 10 ng/mL EGF, 1 mg/mL BSA, 22
g/mL pyruvate, 50 ng/mL IGF-I, and 100 mol/L cys-
teamine. After washing, the oocytes were placed in 100
Sense Position GenBank accession n°
S 188-211 GI:28628620
As 363-386
S 607-631 GI:57163956
As 756-780
S 6-30 GI:110347755
As 103-127tissues.
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under mineral oil and then incubated for 32 h at 39 °C in
5% CO2 in air. At the end of the maturation period,
ocytes were labeled with Hoechst 33342 and then ana-
yzed with regard to their chromatin configuration. They
ere classified as germinal vesicle (GV) or germinal ves-
cle breakdown (GVBD). The GVBD stage included the
ucleus at metaphase I and II (MI and MII).
.3.4. Assessment of oocyte viability by
uorescence microscopy
After IVM, all oocytes from each group were evalu-
ted for viability by fluorescence microscopy. Oocytes
ere incubated in 100 L droplets of TCM 199 contain-
ng 4 M calcein-AM and 2 M ethidium homodimer-1
Molecular Probes, Invitrogen, Karlsruhe, Germany) for
5 min at 37 °C. Thereafter, oocytes were examined under
fluorescence microscope (Nikon, Eclipse 80i, Tokyo,
apan) for evaluation of live/dead fluorescent staining.
he emitted fluorescent signals of calcein-AM and
thidium homodimer-1 were collected at 488 and 568 nm,
espectively. Oocytes were considered alive if the cyto-
lasm was stained positively with calcein-AM (green
olor), and dead if chromatin was labeled with ethidium
omodimer-1 (red color).
.4. Statistical analyses
In the present study, follicles were considered the ex-
erimental unit, as previously reported [18]. The data for
GFR-1 mRNA expression for preantral follicles cultured
n vitro were analyzed by unpaired Student’s t-test. Chi-
quare analyses were used to examine differences in fre-
uency for the following: normal follicle rate, antrum
ormation, growth of oocytes, and meiotic resumption
fter in vitro culture, with the results being expressed as
ercentages. Data from follicle diameters were submitted
o Kolmogorov-Smirnov and Bartlett tests to confirm nor-
al distribution and homoscedasticity, respectively. Then,
NOVA was carried out and treatments were compared
sing Student-Newman-Keuls (SNK) test. A probability
f P 0.05 indicated that a difference was significant, and
robabilities between P 0.05 and P 0.1 indicated that
he difference approached significance. Data are given as
he mean  SD, unless otherwise stated.
. Results
.1. Experiment 1. Expression of IGF-1 receptor
RNA in cultured follicles
Quantification of the level of IGFR-1 mRNA ex-ression from cultured preantral follicles only ap- proached being significantly higher in the group sup-
lemented with FSH when compared to the follicles
mmediately after recovery (P  0.06) and the follicles
ultured in -MEM without FSH (P  0.1). Data for
IGFR-1 mRNA expression were converted to percent-
age change from the concentrations on Day 0, and the
percentage change was used to confirm the stimulatory
effect of FSH on IGFR-1 mRNA expression in goat
preantral follicles cultured in vitro.
3.2. Experiment 2. Effect of IGF-I on the in vitro
culture of preantral follicles
3.2.1. Effect of different concentrations of IGF-I on
the rates of normal follicles and antrum formation
Caprine preantral follicles selected for culture pre-
sented a centrally located oocyte and normal granulosa
cells, which were enclosed by an intact basement mem-
brane (Fig. 1A). The percentages of normal follicles
and antral cavity formation at 0, 6, 12, and 18 d of
culture have been shown (Fig. 2A, B, respectively).
During the culture period, the control group showed a
progressive reduction (P  0.05) in the percentage of
normal follicles. Follicles cultured in medium contain-
ing IGF-I 50 maintained the rate of normal follicles
between Days 0 and 12 of culture, but this percentage
was reduced (P  0.05) by Day 18. The medium
supplemented with IGF-I 100 maintained the percent-
age of normal follicles from Days 0 to 6 of culture,
however, this percentage decreased (P 0.05) between
Days 6 and 12. When treatments were compared,
higher (P  0.05) percentages of normal follicles were
observed in the two groups treated with IGF-I than in the
control group on Days 12 and 18. No difference on the
percentage of normal follicles was detected between IGF-I
50 and IGF-I 100 on Day 18 of culture.
The first antral follicles were observed on Day 6 of
culture in all treatments (Fig. 1B). Moreover, a signif-
icant increase in the rate of antral cavity formation was
observed with the progression of the culture period in
all groups (Fig. 2B). The rate of antrum formation (Fig.
2B) was higher (P 0.05) in IGF-I-treated groups than
n the control group on Days 6 and 12 of culture (P 
.05), whereas on Day 18, only the IGF-I 50 group was
igher (P  0.05) than the control group. However, no
ifferences were detected between the two concentra-
ions of IGF-I tested during the culture period (P 
.05).
.2.2. Follicular growth after in vitro culture
Mean initial diameters of follicles before culture
Day 0) did not differ among groups (Table 2). A
rogressive increase (P  0.05) in follicle diameter
ea
itively
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6 d of culture, IGF-I treated follicles showed a larger
A
C
E
G
Fig. 1. (A) Caprine preantral follicle isolated for culture with a central
membrane; (B) Antral follicle after 12 d of in vitro culture in IGF-I
preantral follicle cultured in the presence of IGF-I 50 and control grou
or (F, G) in presence of IGF-I 50. (G) Note that the chromatin config
Hoechst 33342 staining, respectively. (H) Viable oocyte stained pos(P  0.05) diameter than the control group. How- gver, at Days 12 and 18, follicle diameter was similar
mong groups. Contrarily, the daily growth rate was
ed oocyte and normal granulosa cells, enclosed by an intact basement
nification, 50). (C) Good and (D) bad quality COCs after IVM of
ectively. (E) Grown oocytes from preantral follicles cultured without
shows an intact germinal vesicle, metaphase I and metaphase II after
with calcein-AM (green color).B
D
F
H
ly locat
50 (mag
p, resp
urationreater (P  0.05) in both treatments with IGF-I
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nd IGF-I 100 groups, respectively) than the control
18.1  13.9 m).
3.2.3. Viability and ability of in vitro grown oocytes
to undergo meiotic resumption
All oocytes examined with live/dead fluorescent
staining were considered alive if the cytoplasm stained
Fig. 2. Rates (%) of (A) normal follicles and (B) antrum formation of
caprine preantral follicles cultured for 18 d in control, IGF-I 50 and
IGF-I 100 groups.
A,BWithin a day of culture, means without a common superscript
differed (P  0.05).
a-cWithin a treatment, means without a common superscript differed
P  0.05).
able 2
ean ( SD) follicular diameter (m) of caprine preantral follicles
IGF-I 50 and IGF-I 100) treatments.
Days of culture No. Control No.
0 39 244.1  51.9a 39
6 35 337.3  105.5Ab 38
2 25 508.6  194.4c 36
8 14 686.6  227.8d 26
V, coefficient of variation.
A,B Within a day, groups without a common superscript differed (P
a-d Within groups, days without a common superscript differed (P  0.05)positively with calcein-AM (green color; Fig. 1H). The
percentages of oocytes acceptable for IVM (grown
oocytes  110 m) after 18 d of culture were higher
(P 0.05) in morphologically normal follicles cultured
with IGF-I (50 or 100 ng/mL) than in the control group
(Table 3). At the end of the maturation period, COCs
cultured in medium containing IGF-I showed a great
cumulus cell expansion (Fig. 1C, D). Regarding the
chromatin configuration after IVM, oocytes grown
from goat follicles cultured without IGF-I had a higher
(P  0.05) percentage of intact germinal vesicles
after 18 d of culture (Fig. 1E; Table 3). Furthermore,
follicles cultured in IGF-I had more (P  0.05)
oocytes which resumed meiosis (Table 3; Fig. 1F)
when compared to the control group. Only two
oocytes in metaphase II stage were observed in the
entire study after culturing in medium supplemented
with IGF-I 50 (Fig. 1G).
4. Discussion
The present study documented, apparently for the first
time, the IGFR-1 mRNA expression of preantral follicles
during long-term in vitro culture in the presence or ab-
sence of FSH and the effects of IGF-I on follicular devel-
opment and oocyte meiotic resumption after in vitro cul-
ture of isolated caprine preantral follicles. Based on the
tendency for a higher IGFR-1 mRNA expression from
preantral follicles cultured in vitro with FSH, we inferred
that FSH is a potential modulator of IGF-I on in vitro
culture of preantral follicles. Regarding the role of IGF-I
on in vitro culture of preantral follicles, Zhao et al [19]
demonstrated the presence of IGF-I and II, as well as
IGF-I receptors in the oocyte and granulosa cells of ovine
preantral follicles; this finding along with our results sup-
ported the participation of IGF-I as a local modulator of
early follicular survival and development.
The beneficial effect of IGF-I, characterized by
higher rates of normal follicles and antrum develop-
ous days of culture (0, 6, 12, and 18) in the control and IGF-I
IGF-I 50 No. IGF-I 100 CV (%)
1.4 47.8a 39 248.8  50.9a 20.2
0.0 97.0Bb 39 425.2  127.7Bb 28.3
0.5 190.6c 35 572.9  165.4c 32.7
3.3 243.9d 31 708.0  174.0d 30.3
).at vari
25
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 0.05
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the present study, has also been associated with main-
tenance of survival of caprine oocytes [7], swine pre-
antral follicles [20], and small bovine antral follicles
[21] cultured in vitro. Similarly, the addition of IGF-I to
the culture medium promoted granulosa cell survival
[22] and the maintenance of functional integrity of
preantral follicles in rats [12]. In Experiment 2, the
control group contained FSH, which could have inter-
acted with its receptor and promoted intracellular sig-
naling, such as stimulating the expression of IGF-I
receptors, as showed by the PCR results in Experiment
1. This could have contributed to the maintenance of
normal follicles and the greater antral cavity formation
observed in follicles cultured in medium containing
IGF-I. The effect of IGF-I on antrum formation may
have occurred because of its action on steroidogenesis.
The effects of IGF-I on steroidogenesis have been dem-
onstrated in mouse preantral follicles cultured in vitro
for 6, 10, and 12 d [23].
The presence of IGF-I in the medium promoted a
higher daily follicular growth rate than in the control
group. This finding could be associated with the effect
of this factor on cellular proliferation. The synergic
action of FSH and IGF-I to stimulate the growth of
preantral follicles has been observed in several species
[10–13]. In a study with prepubertal caprine ovaries,
IGF-I at 100 mg/L promoted the growth of oocytes
enclosed in preantral follicles after culture for 9 d [7].
Moreover, in swine, 50 ng/mL of IGF-I stimulated the
proliferation of granulosa cells of preantral follicles
cultured for 4 d in the presence of serum [20]. Further-
more, after the addition of 50 ng/mL of IGF-I during
6 d of culture, Thomas et al [24] observed an increase
n follicular diameter over the control group. However,
GF-I (in concentrations of 1, 10, and 100 ng/mL) did
ot stimulate the transition of primordial to primary
ollicles during the culture of bovine ovarian cortices
23]. These contrasting findings might have been due to
Table 3
Meiotic stages of caprine oocytes from preantral follicles cultured in
Groups No. cultured Selected for I
Control 39 19/39
IGF-I 50 39 32/39
IGF-I 100 39 32/39
GV, germinal vesicle; GVBD, germinal vesicle breakdown.
* Only oocytes  110 m were selected for the in vitro maturatio
A,B Within a column, groups without a common superscript differedhe use of different species and follicular stages.The number of oocytes selected for IVM was higher
in medium supplemented with IGF-I compared to the
control group. Two oocytes from the IGF-I 50 group
that underwent IVM showed the extrusion of the first
polar body with the chromosomes in metaphase II,
which characterizes nuclear maturation. In addition,
follicles cultured with IGF-I had several layers of cu-
mulus cells and an accentuated expansion of these cells,
which could be associated with controlling the process
of oocyte maturation [25]. Although the rate of oocyte
maturation reported herein (6.3%, 2/32; IGF-I 50
group) was less than desirable, this is still a valuable
finding, since only a few studies in goats have achieved
meiotically competent oocytes from in vitro cultured
preantral follicles [6]. The mechanisms necessary for
preantral follicles to develop to maturity are complex
and unclear. However, the synergistic role of some
hormones and growth factors on the control of follicu-
logenesis are well known [26]. Therefore, supplemen-
tation of the maturation medium with these substances
may increase the rate of meiotic resumption.
In conclusion, the high IGFR-1 mRNA expression
in medium supplemented with FSH during a long-term
in vitro culture of preantral follicles may be associated
with the positive effect of IGF-I, characterized here by
improvement in the development of caprine preantral
follicles and the production of oocytes able to resume
meiosis.
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